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ABSTRACT

A black, shiny coating overlies rock paintings in Little Lost River Cave no. 1,
located in southeastern Idaho. If this coating is the result of human activity within the
cave – a condensate from cooking fires, for example – then a radiocarbon date on the
coating would provide a minimum age for the underlying paintings. The work reported
here was undertaken to test the assumption that the coating has an anthropomorphic
origin. Using pyrolysis-gas chromatography-mass spectrometry (py-GC-MS) and
thermally-assisted hydrolysis/methylation-GC-MS, we have compared samples of the
black coating from Idaho to humic acid, a geologic material; an experimental cooking
residue; and amberat from packrats. The results show that the coating is not amberat but
bears the most similarity to humic acid, which would indicate a geologic origin for the
coating. The age of the coating, then, is not related to the age of the paintings.
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CHAPTER 1
INTRODUCTION

1.1.

Introduction to pyrolysis
Pyrolysis is a powerful technique, in use since the 1960s, which employs rapid

and reproducible heating to thermally decompose nonvolatile or semivolatile material.
Upon heating, the nonvolatile material breaks down into smaller, more thermally stable,
volatile compounds. The volatile compounds are then separated, typically by gas
chromatography, and identified. For easier identification of the compounds, a detector
such as a mass spectrometer is typically employed.1,2
Two types of heating are typically exploited in flash pyrolysis: Curie point and
filament. Curie point pyrolysis (CPP) uses inductive heating while filament uses resistive
heating. Each of these techniques has specific advantages. In CPP, rapid heating of the
sample is achieved by utilizing the special ferromagnetic properties of the wire used to
hold the sample. When the ferromagnetic alloy is placed in a radio frequency field, it is
instantaneously heated inductively to the Curie point temperature characteristic of the
alloy material. Different alloys are available commercially that span a range of
temperatures. The primary advantage of using CPP is that the heating is reproducible and
carefully controlled; the limited amount of sample that can be placed on the wire is one
significant disadvantage. Filament heating has no upper limit on sample size, and
although it does not offer the precise heating control of Curie point, it has the advantage
that the heating times can be varied. Thus several different types of heating experiments
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can be performed with a filament, such as studying the fragmentation of samples as
heating time is varied.1
Pyrolysis can be used alone or in conjunction with a derivatization step. A
technique that has gained popularity since the 1980s is thermally assisted hydrolysis and
methylation or THM. In this method, a tetraalkylammonium hydroxide, most commonly
tetramethylammonium hydroxide (TMAH), is used to convert ester and ether linkages to
the corresponding alkyl (methyl when using TMAH) derivatives.

This derivatization

method was termed “simultaneous pyrolysis methylation” (SPM) when it was first
utilized in the polymer industry to study polar macromolecules.3
Using a derivatization step offers several advantages over convention flash
pyrolysis. One advantage is that lower temperatures are needed for the derivatization and
pyrolysis to occur. Typical THM temperatures3 are from 300 ºC to 400 ºC; these
temperatures are much lower than the 500 ºC -800 ºC commonly used for conventional
flash pyrolysis.1,2 Polar molecules (e.g., carboxylic acids) are often not observed during
pyrolysis because of their low volatility. THM applied at greater than 300°C converts the
acid moities to methyl esters or ethers, which vaporize at lower temperatures than the
parent acids. Chromatograms for the derivatized materials typically exhibit higher signal
to noise ratios than do those from direct flash pyrolysis.4 THM provides the analyst with
additional chemical structural information since these types of linkages are not typically
broken under normal pyrolysis conditions. THM has been applied to various materials
such as synthetic polymers, natural polymer, lipids, and waxes.3
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1.2. Review of the literature
Pyrolysis was first applied to the study of archeological materials in the mid1960s. Jain et al.5 used pyrolysis, or rather the pyrolysis fragmentation pattern to
differentiate between different drying oils in paint media. In the early 1970s, pyrolysis
was employed by Stolow et al.5 to study the aging process of drying oils and other
binding media found in works of art. Both of these studies showed the potential of
pyrolysis for distinguishing between similar materials in various stages of decomposition.
In addition, pyrolysis was also favored as a method in conservation studies due to
minimal sample preparation and microgram sample requirements.
At this early time, however, the technique had several limitations. Only packed
columns were available for gas chromatography and did not provide the high resolution
that was needed to identify the thermal fragments of the samples. High pyrolysis
Comment [EMU1]: What were the
low GC temps for?

temperatures were used in combination with low GC oven temperatures. This led to
collections of low molecular weight thermal fragments that were of limited value.5
As instrumentation continued to improve in the mid-1970s, both qualitative and
quantitative pyrolysis could be performed. Packed columns were still employed, but
pyrolysis temperatures were lowered to produce less fragmentation and GC oven
temperatures were increased which allowed for higher-retention time compounds to be
identified.5
These improvements allowed for further application of pyrolysis to
archaeological materials throughout the 1970s. One of the more notable analyses came
from the work of Breek and Froentjes,5 where pyrolysis was used to connect an artistic
forgery to the perpetrator. They showed that resin obtained from the perpetrator’s studio
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matched the resin found in a faked Vermeer painting. This technique was later applied
to studies relating to authentication of antique glues.6
By the early 1980s, mass spectrometers were being used to aid in the
identification of pyrolysis fragmentation products. This reduced lengthy analysis times, in
which complicated mixtures of pyrolysis products had to be identified based on retention
times. By using pyrolysis coupled with gas chromatography and mass spectrometry (pyGC-MS), mass spectrum “fingerprint patterns” of compounds could be added to libraries
and used for relatively rapid identification of compounds. These improvements led to the
increase in complexity of the types of analyses that could be performed.5 Saiz-Jimenez et
al.7 used py-GC-MS to study the chemical structure and the effects of degradation on
buried wood from a 2500 year old archeological site. Wright et al.8 used pyrolysis to
classify ancient adhesives in a study of 2000 - 4000-year-old Egyptian mummy cases.
By the 1990s, much of the pyrolysis literature relating to cultural materials was
dedicated to better understanding preservation and degradation processes rather than to
directly characterizing the materials themselves. Stone monuments, which typically
weather on exposure to the elements, are one group of materials where pyrolysis has been
applied to conservation studies. Weathering degrades stone, leading to the growth of
mineral and biogenic crusts, often darkening the stone surface. The black crusts observed
on monuments around the world are caused by myriad combinations of atmospherically
deposited pollutants, fungal melanins, and bacteria.9
Saiz-Jimenez et al.9 looked at three different materials: a terracotta statue covered
with a black layer, a black layer covering stones from a church in the Netherlands, and a
green layer located under a black sulfate crust from a relief on a cathedral in Spain. The
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Comment [EMU2]: Like what?

results showed that pyrolysis could be easily applied to the study of organic compounds
embedded in a mineral matrix. Saiz-Jimenez and coworkers10 later published a pyrolysis
study in which the authors characterized the pyrolysates from five different types of
fungal melanins. A more in-depth study summarized characteristic pyrolysis markers for
microbial melanins in the analysis of stone monuments.11
In the late 1990s, Saiz-Jimenez and Hermosin12 used pyrolysis to study dripping
waters in Altamira cave located in Spain. This cave is of archaeological significance
because it contains 14,000-year-old Magdalenian paintings. Curie point pyrolysis
coupled with THM showed that the dripping waters contained both soil and bacterial
organic matter. These authors used the same technique to study a black coating covering
the ceiling and walls of Cueva del Encajero,13 located in Spain. Understanding the nature
of such material can aid in preserving the rock paintings therein. The black coating was
found to be similar to the soil above the cave, where an olive grove contributes large
amounts of humic acids from the decomposition of the olives.
At the turn of the new century, the literature focus returned to the direct study of
archaeological materials centered primarily on art media and amber studies. Pyrolysis
studies grew more sophisticated through the use of THM. Aging studies were performed
using THM on materials once used for artistic media. Two such studies by Scalarone et
al.14, 15 used artificial means and outdoor exposure to age diterpenic resins. Following the
aging experiment, THM-gas chromatography-mass spectrometry was used to study the
effects of aging on the chemical structure of the resin. It was found that aging generated
degradation products from oxidation, cleavage reactions, and polymerization reactions.
Languri et al.16 used THM to show many similarities in a rare19th century asphalt sample
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from the Hafkenscheid collection to a present day asphalt sample from the Dead Sea.
Shedrinsky et al.17 showed how pyrolysis gas chromatography mass spectrometry can be
used to answer questions relating to ancient trade routes. In this study, amber beads of
unknown origin were collected from a Russian burial site and compared to Baltic and
non-Baltic amber. The results showed that pyrolysis could be used to differentiate
between the different types of amber and that the collected beads were most likely Baltic
in origin.
For nearly a half of a century, pyrolysis has proven to be an extremely valuable
technique in the study of archaeological materials. The need for minimal samples and
little sample preparation makes it an attractive technique to archeologists and
archaeometry researchers. A better understanding of the molecular nature of art
media,5, 14, 15, 16 ancient glues,6 Egyptian mummy cases,8 buried wood7 and amber5, 17 has
been achieved through the applications of pyrolysis. Of particular importance for our
research project presented herein is the conservation work of Saiz-Jimenez and
coauthors9-13 on rock paintings and stone monuments.

1.3. Significance of project
The purpose of this study is to examine a shiny black deposit covering
pictographs in Little Lost River Cave in Idaho to determine its chemical composition.
This information is sought to better understand the radiocarbon age reported by Steelman
et al.18
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1.4. Objectives
The objectives of this project were:
1. To determine the chemical composition of the black deposit using pyrolysisand THM-GC-MS.
2. Using this technique, to compare the compositions of known materials to that
of the black deposit in an attempt to understand the origin of the coating.
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CHAPTER 2
BACKGROUND
Comment [EMU3]: This too.

2.1 Discovery
In early February of 1954, Mr. Albert Whiting of Mackay, Idaho, reported to
Idaho State College personnel that he had “discovered” an old Indian cave. Mr. Whiting
also reported that the cave appeared to be undisturbed with the exception of the little
exploration he had done.19 In response to his letter, a party of four from Idaho State
College, along with Mr. Whiting and two artifact hunters, revisited the cave later that
month in order to map the location for photographic documentation.19 In November of
Comment [EMU4]: From whom?
BLM? ISU?

1954, permission was granted for a full excavation of the cave.

Figure 2.1. Map showing the location of Little Lost River Cave, 10BT1.
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2.2 Location
The cave “discovered” by Mr. Albert Whiting is locally known as McDonald
Cave20 but is now usually referred to as Little Lost River Cave. This archaeological site
has the Smithsonian designation 10BT1; it will be referred to hereafter as either “LLRC”
or 10BT1. Little Lost River Cave is located in Butte County, in southeastern Idaho
(Figure 2.1). It is located in the Lemhi range within the Little Lost River drainage. This
is an arid region of Idaho where the vegetation consists of mostly sagebrush. The cave,
formed by the dissolution of 30 million-year-old Carboniferous limestone, is
approximately 16 meters deep and roughly 1.5 meters high. The cave mouth faces
southeast overlooking the Little Lost River Valley (Figure 2.2).19-21

Figure 2.2. Photo of Little Lost River Cave, 10BT1. The vegetation in the foreground
consists mainly of black sagebrush.
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Comment [EMU5]: Just a weird
wording. Maybe, “This region of Idaho
is arid and the sparse vegetation consists
of mostly sagebrush.”

2.3 Cave excavation
Three official studies have been carried out at the 10BT1 site, two excavations
and one study to document the rock paintings, or pictographs, in the cave. The first by
Idaho State College students and faculty took place in 1955.19 More recently, Ruth
Gruhn and Alan Bryan from the Anthropology Department at the University of Alberta
did extensive excavations in 1990.20 Beginning in 1999, a cost-share project between the
Bureau of Land Management and the private firm, Archaeographics, was carried out to
photographically document the rock art.21
In 1955, the researchers noted the presence of pictographs on the ceiling and walls
of the cave. It was also reported that many were covered with a black shiny surface,
which made photographic documentation of the pictographs difficult. This excavation
yielded 147 artifacts including scrapers made of chert, basketry fragments, and projectile
points made of ignimbrite. Excavation of the floor of the cave showed evidence of
recent animal habitation; the upper two inches of sediment were mainly sheep manure
and straw. Below this layer were two other stratigraphic layers composed of charcoal as
well as faunal remains consisting of broken and charred bones and mammal teeth.19
The 1990 excavation was carried out in the hopes of providing a more detailed
stratigraphic record. Five stratigraphic layers were identified and labeled A-E. Layer C is
the most indicative of human occupation. All but 2 of the 38 artifacts were found in this
layer. Roughly half of the recovered artifacts were projectile points. The remaining
artifacts consisted of biface fragments; utilized flakes made of ignimbrite, quartzite, and
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chert; a small core tool made of ignimbrite; and a hammerstone. Remnants of a small
fireplace were also discovered in Layer C.20
The pictographs, noted in the first excavation, were also rediscovered on the walls
and ceiling of the cave. The pictographs mainly consist of anthromorphic, zoomorphic
and geometric style figures. Gruhn and Bryan also noted that the pictographs were
covered in a uniformly deposited shiny black hard material.20
Beginning in 1999, the pictographs were recorded during three separate visits to
the cave in the cost-share project between the Bureau of Land Management (BLM) and
Archaeographics. During the third visit to the cave, Dr. Marvin Rowe of Texas A&M
University collected samples of the shiny material from 10BT1. The documentation of
the cave included tracings, drawings, a photo log of the pictographs, and a collection of
digitally enhanced photos and slides. 21 Following documentation, it was decided that the
material collected could be used to determine the age of the paintings in Little Lost River
Cave. It was from the determination of radiocarbon ages on these materials that the need
for understanding the nature of the black coating using chemical analysis arose.

2.4 Analyses performed on black deposit
Dr. Rowe and doctoral candidate Karen Steelman used plasma-chemical oxidation
(PCO) and accelerator mass spectrometry (AMS) to radiocarbon date the black coating
from 10BT1. The material yielded a radiocarbon age of 2990 ± 50 uncalibrated years
BP, which corresponds to a calendar date in the range of 1390 BC to 1040 BC.18 The
black material was not pretreated before being subjected to the oxygen plasma and AMS
dating. As is often the case in applications of the PCO-AMS method, the material was
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assumed to be deposited anthropogenically over a short time span, and thus have a
constant composition. An initial attempt to understand the nature of the coating utilized
stable isotope mass spectrometry for carbon and nitrogen. The material had a δ13C value
of –20.1‰, a δ15N value of +14.9‰, and a C/N ratio of 5.6. This information was
interpreted as evidence of a cooking residue or animal residue. The coating is
approximately 2.8% organic carbon, based on elemental and isotopic analysis.18 Electron
probe microanalysis in a separate study did not detect nitrogen but did show the presence
of large amounts of carbon (likely indicating that the carbon was indeed organic), in
addition to chlorine and boron.22

2.5 Background on radiocarbon dating
Radiocarbon dating is a powerful technique for determining the age of organic
materials from archaeological contexts. As little as 0.1 mg of pure carbon can be
analyzed for the three major carbon isotopes, 12C, 13C, and 14C, using AMS. In the early
1990’s, the Rowe group at Texas A&M developed PCO as a sample preparation
technique for small samples of rock paintings for AMS radiocarbon analysis. In PCO,
low temperature oxygen plasma oxidizes any organic carbon in the sample to CO2. The
CO2 is then collected and analyzed by AMS for 14C.23, 24The disadvantage of PCO is that
while it is selective to organic carbon in the presence of carbonates and oxalates, it cannot
distinguish between various forms of organic carbon. To correct for error due to
contamination, typically a background of a nearby area that does not contain the analyte
is dated and a correction factor is used to account for carbon contamination.18, 23 While
this does correct for some error in the dating process, it would be of great benefit to know
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the identity of the material that is to be dated. This would give added significance to ages
obtained using the PCO-AMS dating method.

2.6 Black coatings in caves
Black coatings in caves can have many origins and have been observed around
the world. Hill has reviewed some of their possible sources, which include mineral
accretions, bat and bird guano, soot, and humates.25 A black deposit on the ceilings and
walls of Cueva del Encajero, Spain, is of particular interest because of its association with
rock paintings. Saiz-Jimenez and Hermosin13 used py-GC-MS to study the coating from
that site. The results showed that the deposit had many compounds present that were
similar to those found in a residue of decomposing olives present in the soil overlying the
cave. This black coating may have formed when enzymes in olives from trees growing
above the cave came into contact with polyphenols, present as antioxidants found in
olives or caffeic acid, in the presence of proteins.13
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CHAPTER 3
EXPERIMENTAL
3.1 Instrumentation
The primary instrumentation used for this study was a Hewlett Packard GCD Model
1800A gas chromatograph / mass spectrometer. (Agilent Technologies, Palo Alto, CA).
The gas chromatography conditions listed in Table 3.1 and mass spectrometer settings
listed in Table 3.2 were used for each of the analyses.

Table 3.1. Gas Chromatograph Conditions
Column Type

HP-5ms

Column dimensions

30 m long, 0.25 µm film
thickness, 0.25 mm id

Carrier Gas

99.999% Helium

Flow Rate

0.8 mL/min

Injector temperature

250 ºC

Injection type

Splitless

Table 3.2. Mass Spectrometer Conditions
Source

Electron Impact

Ion range

35-425 m/z

MS temperature

170 ºC

Pressure

25-35 mTorr
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A filament-type pyroprobe, CDS Pyroprobe 1000 (CDS Analytical, Oxford, PA), was
used to prepare solid samples for introduction into the GC system. The interface
temperature between the GC and pyroprobe was maintained at a constant 300 ºC
throughout the analyses. The heating rates for sample introduction were varied
throughout the analysis and will be discussed in Sections 3.4 and 3.5. Figure 3.1 is a
schematic representation of the py-GC-MS system.

A
B

D

C
Figure 3.1. Schematic of the pyrolysis-gas chromatograph-mass spectrometer, consisting
of (A) CDS Pyroprobe 1000 pyrolyzer, (B) injection port / interface, (C) Hewlett-Packard
1800A GCD with HP-5ms column, and (D) quadrupole mass selective detector.
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3.2 Materials
Samples of the black deposit from site 10BT1 were collected using a sterile
scalpel to scrape the material from the ceiling and walls. The material was then wrapped
in aluminum foil and stored in resealable plastic bags. Standard humic acid was
purchased from Alfa Aesar (CAS # 1415-93-6). The cooking residue used as a
comparison material was obtained from the inside of a smoker barbecue. Amberat –
black, shiny, resinous packrat urine – was collected from a midden within Jackknife
Cave, Idaho, 10BT46. Tetramethylammonium hydroxide (TMAH), 25% in methanol,
was obtained from Sigma-Aldrich, St. Louis, MO (CAS # 75-59-2).
3.3 10BT1 extraction procedure
Initial investigations of the LLRC residue were carried out on the whole material,
broken into small pieces to fit into the quartz pyrolysis sample boats. Under the
conditions described in section 3.4, very little signal was observed. It was decided that
water extractions should be used to separate any soluble material from the inorganic
substrate.
To do this, approximately 0.5 grams of material was placed into a precleaned 4
mL glass vial (Supelco, Bellefonte, PA). The vial was then filled with approximately 3
mL of deionized water. The material was then sonicated for 20 minutes in a Branson
1210 sonicator (Branson Ultrasonics Corp., Danbury, CT). The water and sonication
dissolved most of the black material, leaving a gray solid residue in a yellow solution.
The dissolved material was decanted into 1.5 mL centrifuge tubes (VWR International,
Bridgeport, NJ). The 4 mL vial containing the original sample was washed 3 times with
deionized water. The collected washings were also transferred into1.5 mL centrifuge
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tubes. The liquids were centrifuged at 13,000 rpm for 10 minutes (Biofuge A Centrifuge,
American Scientific Products). The resulting yellow supernatant was collected into a
pre-cleaned, aluminum weighing dish. The solid material remaining in the tube was
remixed with deionized water and then centrifuged again under the same conditions. The
water-soluble washings were all collected and added to the initial supernatant in the
weighing dish. The water-insoluble material was also collected and placed into a
separate pre-cleaned, aluminum weighing dish. The two weighing dishes containing the
water-soluble and water-insoluble materials were then oven-dried at 110 ºC for
approximately 1 hour to remove any remaining water.

3.4 Pyrolysis conditions
In this work, pyrolysis was used as the sample introduction method, because in
conjunction with GC-MS, it is particularly useful in the characterization of mixtures of
large molecules. Samples of the LLRC material (both water-soluble and water-insoluble)
as well as the comparative materials were pyrolyzed by placing approximately 20
micrograms of material in a quartz pyrolysis boat, which was then introduced into the
CDS sample probe. All of the materials were pyrolyzed at 700 ºC for 10 seconds. The
resulting pyrolysis products were then swept into the gas chromatograph by ultra pure
helium gas for separation and subsequent identification using mass spectrometry. To
determine if semi-volatile compounds were present in the LLRC residue, an aliquot of the
material was pyrolyzed at 300ºC for 10 seconds. The GC was temperature-programmed
to hold initially for 5 minutes at 50 ºC, then heat at a rate of 6.5 ºC / minute to 250 ºC, at
which the final oven temperature was maintained for an additional 5 minutes. Due to the
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low signal to noise ratio of the LLRC residue, each of the samples was run under splitless
conditions.

3.5 Thermally assisted hydrolysis-methylation pyrolysis conditions
To increase the volatility of any long-chain fatty acids present in the samples,
each one was also subjected to thermally assisted hydrolysis methylation (THM)
pyrolysis. This process incorporates a derivatization step into the pyrolysis, whereby the
hydroxyl groups of carboxylic acids are converted to methyl esters by the proposed
mechanism of hydrolysis at the ester bond, followed by formation of
tetramethylammonium salts and finally thermal dissociation to the methylated
derivatives.3 For each sample, approximately 20 mg of material were placed into a quartz
boat, to which 2 µL of the TMAH-methanol solution was added directly on top of the
sample. Two THM pyrolysis analyses were performed on each sample, including the
standards. The treated samples were first heated in the pyrolyzer to 300 ºC for 10
seconds, after which the reaction products were separated and identified by GC-MS.
After this first run was completed, an additional 2 µL of TMAH was added to the
remaining sample and pyrolyzed a second time at 500 ºC for 10 seconds. For the THM
pyrolysis experiments, the GC was temperature programmed to hold initially for 5
minutes at 40 ºC, then to heat at a rate of 6.5 ºC / minute to 250 ºC, at which the oven
temperature was maintained for a further 5 minutes. Each of the samples was run under
splitless conditions; however, an initial five-minute solvent delay was used at the start of
each GC analysis to prevent exposing the MS filament to excess TMAH.
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A sample of limestone from the inside of the cave that did not appear to be coated
with the black residue was pyrolyzed under the same conditions as the black residue for
determination of any contaminants. Any materials that were found present on the bare
limestone and in the LLRC residue are considered a contaminant and are listed as such in
the Results section.

3.6 Identification of pyrolysis and THM pyrolysis products
Data acquisition and processing were performed using GCD software, HP
G1074A version A.00.00. Compounds were identified by comparing their mass spectra
to NIST MS Chemstation Library (HP G1033A version C 00.00) and Wiley Mass
Spectral Library 1995. In cases where no match was obtained from the system libraries,
an offline database, Spectral Database for Organic Compounds (SDBS) sponsored by
AIST, was also searched.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Pyrolysis results- general observations
Initially, less than 1 gram of black residue from Little Lost River Cave was
provided for the preliminary analyses. Due to the lack of material, pyrolysis of the
residue was performed only at 700ºC. This is a typical pyrolysis temperature found
throughout the literature.26 Figure 4.1 shows a total ion chromatogram for two samples of
the Little Lost River Cave residue collected at two different times by Carolyn Merrell,
Director of Archaeographics. Table 4.1 lists the peak identities from Figure 4.1. Each
chromatogram is dominated by an n-alk-1-ene /n-alkane pattern ranging from C10 to C24,
acetamide, and nitrogen compounds such as pyridine and pyrrole derivatives.
The alkene / alkane pattern observed in the pyrograms of the Little Lost River
Cave (LLRC) residue has also been observed in the pyrolysis of humic acids26-30 and has
also been found within the ceramic of ancient pottery sherds.31 Hatcher et al.26 observed
a similar pattern extending to C25 in Armdale humic acid under the same pyrolysis
temperatures. The pattern has been attributed to the pyrolysis products of aliphatic
biomolecules found in leaf cuticles, algae, and plant roots. Saiz-Jimenez et al.28 showed
this same alkene / alkane pattern, though ranging to C35, and agreed that it is most likely
due to plant cuticles and suberin, which are primary components of humic soils.
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a

b

Figure 4.1. TIC comparison between a) the original LLRC residue collected in 2001 and
b) the second sample of residue collected by Merrell in 2004.

Table 4.1. Peak Identities for Figure 4.1
Peak Number
1
2
3
4
5
6
7
8
9
11
12
13
14
▼

Compound
Pyridine
Pyrrole
Acetamide
Methyl pyrrole
Methyl pyridine
Propionamide
Dimethyl pyridine
2-methyl-2-cyclopenten-1-one
Phenol
Pyrazole
2,5-pyrrolidinedione
1-methyl-2,5-pyrrolidinedione
Unknown
n-alk-1-ene / n-alkane pair
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The physical nature of the LLRC residue more strongly supports the hypothesis
that the material is humic in origin, rather than originating from a cooking residue. The
black cave material, when placed in water, quickly solubilizes to produce a yellow
supernatant. This observation was also noted by Steelman et al.22 Experiments with
cooking residues do not show this same water solubility characteristic.
The water solubility of humic material is dependent on the type of organic matter
contained in the soil. All soils are composed of a significant amount of organic matter.
The soil organic matter, SOM, is produced by the decay of plant material and animal
tissue by microbial action and chemical processes. SOM is a ubiquitous and
heterogeneous material, which contains complex structures of biomolecules such as
proteins, fats, lignin, and polysaccharides in various stages of decay. SOM is typically
classified into three categories based on water solubility. Humic acid is the fraction that
is insoluble in water at a pH of <2 and ranges in color from brown to gray. Fulvic acid is
soluble in water under any pH and ranges in color from light yellow to light brown.
Humin is the third fraction. It is the highest molecular weight fraction, black, and
insoluble in water at any pH.32-34 Thus, based on its solubility and color, the LLRC
coating appears similar to fulvic acid.
Acetamide was also noted as a pyrolysate in both samples of the black residue.
Acetamide has been noted as a pyrolysis product of both bacteria 35-36 and humic
substances.37-38 Acetamide has been shown to be the major pyrolysis product of
peptidoglycan, which is the major component of bacteria cell walls.35 In addition to the
observation that acetamide can be used as a pyrolysis marker of bacteria, Song37 and
Schulten38 have observed acetamide in the pyrolysis of humic material. Acetamide has
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been shown to result from the pyrolysis of various amino acids contained within humic
soils. This is further indicative that the LLRC residue contains humic material.
Both pyrolysis chromatograms, shown in Figure 4.1, show a significant number of
pyrrole and pyridine based compounds. In addition to these nitrogen-containing
compounds, 2-methyl-2-cyclopenten-1-one was also observed (peak no. 8). This
compound and the pyrrole and pyridine derivatives have been observed throughout
literature to occur during the pyrolysis of humic acids.28, 34, 37 Nitrogen compounds are
attributed specifically to the proteins that occur in humic substances.39
It is interesting to note that the distribution of the pyrolysates varies in the
chromatograms in Fig. 4.1, depending on the source of the black coating. The pyrogram
of the original sample contains pyrazole (peak no.11), which is not observed in the
pyrolysate of the black residue collected in October 2004. The fact that the two samples
produce both a different distribution of pyrolysate and different compounds suggests that
the black coating in Little Lost River Cave is not homogenous, and thus casts doubt on
the uniform cooking residue origin first proposed.18 This inhomogeneity of the material
has also been observed visually (R.A. Armitage, personal communication 2005) when
additional material was collected in May 2005. While the coating on the ceiling of the
cave was predominantly the shiny, hard, black material received in the preliminary
samples, other places showed a dull, almost sooty, black coating. In fact, the shiny
material seems to be a yellowish color overlying the dull black material, as can be seen in
Figure 4.2. Dr. Armitage’s observations in the cave indicate that the paintings appear to
lie on top of the sooty black material, yet underneath the shiny amber coating.
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Figure 4.2. Photograph of one area of the ceiling of 10BT1.

4.2 Comparison of the LLRC residue to reference materials
Three reference materials were used for comparison to the Little Lost River Cave
residue: a cooking residue, standard humic acid, and amberat. The cooking residue was
chosen since it was originally suspected by Steelman et al.18 that the black shiny material
was solely due to cooking residue. While others have hypothesized that pack rat urine,
also known as amberat, might be the source of the black residue (C. Merrell, personal
communication 2004) based on a somewhat similar appearance, the distribution of the
black coating on the ceiling of Little Lost River Cave renders this hypothesis exceedingly
unlikely. Amberat from nearby Jackknife Cave was used for comparison to test this
hypothesis. Comparison with standard humic acid was used to confirm the similarities
observed between the pyrolysis of the black coating and observations in the literature on
pyrolysis products of humic acids.
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Figure 4.3 shows the total ion chromatograms from the pyrolysis of the four
materials at 700ºC. Table 4.2 lists the compound identities for the chromatograms.
Figure 4.3d differs from the chromatogram in Figures 4.3a and 4.3b because, before
pyrolysis, this residue was extracted with water as described in the Methods section in an
attempt to isolate the water-soluble components. The chromatogram in Fig. 4.3b, is the
water-soluble fraction of the amberat. The reference humic acid was not water soluble,
indicating that this does not contain much fulvic acid. The cooking residue was also not
water-soluble; therefore, Figs. 4.3a and 4.3c show the results of the pyrolysis of these
materials whole. It is evident from looking at the four chromatograms that there are not
significant similarities between the four materials under these conditions.
A closer examination of the four reference chromatograms is shown in Figure 4.4. This
is also a comparison of the water-insoluble fraction of the LLRC residue to the waterinsoluble amberat, total reference humic acid, and total cooking residue. In this case,
though, a selected ion chromatogram at m/z 41 is used to emphasize the similarities and
differences between the materials. Ion 41 was selected to emphasize the alkene / alkane
pattern, as it is a predominant ion in the electron impact mass spectra of these
compounds. Thus the selected ion chromatograms in Fig. 4.4 are specific for components
exhibiting a hydrocarbon mass spectrum. As shown in Fig. 4.4a, amberat does exhibit an
alkene / alkane pattern. The distribution of the alkene / alkane in both the LLRC residue
and the reference humic material is somewhat Gaussian, centered around C14. The
alkene, which is the first peak of the pair, is also favored in these materials. The cooking
residue appears to have a random distribution and favors an odd over even number of
carbons. Also in this material, the alkane is favored over the alkene.
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a

b

c

d

Figure 4.3. Comparison of TIC at 700ºC between reference materials: a) amberat b)
cooking residue c) standard humic acid and d) LLRC residue.
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Table 4.2. Peak Identities for Figure 4.3
Peak
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
▼

Compound
Methyl benzene
Pyridine
Pyrrole
Acetamide
Methyl pyridine
Methyl pyrrole
2-methyl-2-cyclopenten-1-one
Dimethyl benzene
Dimethyl pyridine
Methyl imidazole
Methyl pyridine
Benzonitrile
Pyrazole
Phenol
Trimethyl benzene
Indene
Dimethyl phenol
Methyl indene
Dimethyl imidazole
Methyl phenol
Acetophenone
Methyl benzonitrile
Alk-1-ene, alkane pair

Peak
Number
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Compound
Ethyl phenol
Dimethoxy phenol
Trimethyl pyrazole
Ethyl methyl phenol
Propyl phenol
Methyl nitroimidazole
Unknown
Naphthalene
Methyl naphthalene
2,3-dihydro1H-inden-1-one
Indole
Dimethyl naphthalene
Methyl indolizine
Dimethyl indolizine
Fluorene
hexadecanitrile
Methyl octadene
Hexadecanoic acid methyl ester
Hexadecanoic acid
Octadecenoic acid methyl ester
Octadecanitrile
Octadecanoic acid methyl ester
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a

b
C15
C13
C11

C14

C19

C17

C12

C10

C16

C21
C20

C18

C13

c

C22

C14

C12

C15

C11

C16 C17

C10

C18 C19
C20

C21

C22

C14

d
C12
C11
C10

C13

C15

C16
C17

C18
C19

C20

C21 C22
C23

Figure 4.4. Ion 41 extracted comparison of reference materials showing n-alk-1-ene / nalkane pattern: a) amberat, b) cooking residue, c) reference humic acid and d) LLRC
residue.
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4.3 THM results at 300°C and 500°C: Comparison to reference materials
THM-GC-MS was carried out at 300°C and 500°C as described in the Methods.
These are typical conditions used by others studying similar materials.12-13, 40-43 Figure 4.5
shows the total ion chromatograms (TICs) obtained in the presence of TMAH at 300°C.
The compounds numbered in Fig. 4.5 are identified in Table 4.3. Figure 4.6 shows the
TICs obtained in the presence of TMAH at 500°C. Compounds identified as
contaminants on Table 4.3 were found in uncoated limestone from Little Lost River
Cave, as described in the Experimental section.
The THM results for the amberat at both 300°C and 500°C show the presence of
hippuric acid methyl ester. This peak is not observed in any of the other reference
materials or in the LLRC residue. Hippuric acid is a glycine conjugate of benzoic acid,
which is excreted in the urine of rats.44 Because this compound is unique, it can be used
as a marker for the presence of amberat. Based on the lack of an alkene / alkane pattern
from the pyrolysis and the presence of hippuric acid in the THM analysis, amberat can be
excluded as a possible source of the LLRC residue.
At 300°C under the THM conditions, a series of short chain aliphatic
dicarboxylic acids ranging from C4 –C9 was observed in both the LLRC and reference
humic material, again suggesting that the residue is closely related to a humic substance.
It has been proposed that that dicarboxcylic acids may act as a bridge in the
macromolecular structure of the humic network and that the various distribution of the
α,ω-dicarboxylic acids may be an indication of the presence of higher plant waxes.42
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The presence of aliphatic dicarboxylic acids have been noted in several THMpyrolysis analyses of humic and fulvic acids. They are typically observed as a pattern but
have also been shown to occur as a single compound. Saiz-Jimenez and Hermosin13
have shown dimethyl esters of shorter chain α,ω-dicarboxylic acid, extendings from C4 C9, as a major component of the black coating found on the ceilings and walls of Cueva
del Encajero located in Quesada, Spain. These compounds were later found in the humic
soil present above the cave. The same authors12 observed butanedioic acid in dissolved
organic matter found in dripping waters from the Altimira cave. THM-GC-MS can yield
different amounts and distributions of α,ω-dicarboxylic acids, depending on the source of
the humic soil. For example, in a comparison of two different soils, Saiz-Jimenez40
found a series of α,ω-dicarboxylic acids from C4 extending through C26 in one case,
while the other soil sample contained only C4, C8 and C10 α,ω-dicarboxylic acids. Grasset
el al.45 also observed a series of α,ω-dicarboxylic acids in a comparison of the humic acid
and humin fractions of a soil from France. The humin fraction contained predominantly
the C8- C9 diacid, along with C16- C26 diacids; the humic acid fraction contained diacids
spanning from C9 – C30 with the dominant peak being the C22 diacid.
The THM chromatogram obtained at 300ºC of the simulated cooking residue, Fig.
4.5b, is dominated by the presence of methyl and methoxy derivatives of phenol (peak
nos. 9 and 36), a substance not present in the chromatogram of the cave residue. In
addition to the derivatized phenols, several methyl derivatives of fatty acids are observed,
particularly hexadecanoic acid methyl ester (C16:0), octadecanoic acid methyl ester (C18:0),
and lesser amount of monounsaturated octadecenoic acid (C18:1). These acids are nearly
always reported in the analysis of ancient food remains and their residues. Identification
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of archaeological food residues are typically carried out on ceramics (i.e., pottery used in
cooking) using solvent extraction and trimethylsilylization followed by GC or GC-MS
analysis.46-50 In previous cases, even old cooking residues (including one radiocarbon
dated to ca. 4500 BP46) show a significant amount of the C16:0, C18:0, and C18:1 fatty acids.
Of the materials examined here, the cooking residue, reference humic acid and the LLRC
residues contain both the C16:0 and C18:0 fatty acids; only the cooking residue shows the
monounsaturated C18:1 fatty acid. While all three of these compounds are reported in
several papers12, 27, 30, 34, 41, 42, 45 regarding THM analysis of humic materials, the humiclike black coating in the Spanish cave, which bears many similarities to the LLRC
residue, also lacked the C18:1 fatty acid. Failure to observe C18:1 does not preclude the
LLRC residue being a cooking residue, although it does support the rest of the data,
indicating a strong resemblance to a humic material.
The other peaks present in the THM-GC-MS results of the LLRC residue support
a humic origin for the material as well. Dimethoxybenzoic acid (peak no 53), also
reported by several other authors during THM analysis of humic materials,26-27, 30, 40-41 is
a characteristic peak from the thermochemolysis of lignin. Lignin, like cellulose, makes
up the cell walls in woody plants and grasses and thus is also a component of humic
materials through their decomposition.41 Nitrogen compounds including 1,3-dimethyl
2,4,-(1H,3H)-pyrimidinedione41 (peak no. 24) and methyl-2,5-pyrrolidinedione51 (peak no
12), the latter of which was observed in the direct pyrolysis results, indicate the presence
of the protein moieties within the complex humic structures. Interestingly, these ligninderived compounds were not observed in any of the THM-GC-MS results on the
reference humic acid.
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a

b

c

d

41

Figure 4.5. TIC of comparison materials at 300 °C under THM conditions: a) amberat, b)
cooking residue, c) reference humic acid, d) LLRC residue.
a

b

c

d
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Peak
Compound
Number
1
Methoxy benzene
2

Phenol

3

Contaminant

4

Benzonitrile

5

Butanoic acid anhydride

6

Methoxy methyl benzene

7

Butanedioic acid dimethyl ester

8

Acetophenone

9

Methyl phenol

10

Methyl butanedioic acid dimethyl ester

11

Benzoic acid methyl ester

12

Methyl 2,5-pyrrolidinedione

13

Phenylpropanone

14

Dimethoxy phenol

15

Unknown

16

Dimethoxy methylbenzene

300ºC
Amberat

Cooking
Residue

Ref.
Humic

LLRC
residue

500ºC
Amberat

Cooking
Residue

X
X

X

Ref.
Humic
X

LLRC
residue

X

X

X

X
X
X

X

X
X

X

X

X

X
X

X

X
X

X

X

X

X

X
X

X

X
X
X
X

X

X

17

Pentanedioic acid dimethyl ester

X

18

Unknown

X

19

Ethyl methyl phenol

20

Methyl pentanedioic dimethyl ester

21

Phenyl butanone

22

Unknown

X
X

X
X
X
X

X
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Figure 4.6. TIC of comparison materials at 500 °C under THM conditions: a) amberat, b)
cooking residue, c) reference humic acid, d) LLRC residue.

Table 4.3. Peak Identities for Figures 4.5 and 4.6

Table 4.3 (continued). Peak Identities for Figures 4.5 and 4.6

Peak
number
23

Compound

300ºC
Amberat

Cooking
Residue

Ref.
Humic

LLRC
residue

500ºC
Amberat

Dimethoxy toluene

24

1,3-Dimethyl 2,4, (1H,3H) pyrimidinedione

25

Dimethyl benzene

X

26

Ethyl phenol

X

27

Unknown

28

Methoxy methyl phenol

29

2,5-Pyrimidinedione

30

Contaminant

31

Hexanedioic acid dimethyl ester

32

Unknown

33

Heptanedioic acid dimethyl ester

34

Methoxy benzoic acid methyl ester

35

Trimethoxy benzene

X

36

Dimethoxy phenol

X

37

Methyl phenol ethanone

38

Propyl phenol

X

39

Benzamide

X

40

Trimethoxy methyl benzene

41

Methoxy benzeneacetic acid methyl ester

42

Heptanoic acid methyl ester

Cooking
Residue
X

Ref.
Humic

X

LLRC
residue
X

X
X

X
X

X

X
X

X

X
X

X
X

X

X
X

X

X
X
X

X
X
X
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Table 4.3 (continued). Peak Identities for Figures 4.5 and 4.6
Peak
number
43

Compound

300ºC
Amberat

Cooking
Residue

Ref.
Humic

Beta D. galactopyranoside

44

Contaminant

45

Anisyl propionate

46

Methoxy phenyl ethanone

47

Dimethoxy benzaldehyde

48

Octanedioic acid, dimethyl ester

X

49

Dimethyl phthalate

X

50

1,4 dicarboxylic acid, dimethyl ester

X

51

Decanoic acid methyl ester

X

52

Nonanedioic acid dimethyl ester

53

Dimethoxy benzoic acid methyl ester

X

54

Hippuric acid methyl ester

X

55

Trimethoxy benzaldehyde

56

Unknown

X

57

Trimethoxy propenyl benzene

X

58

Decanedioic acid dimethyl ester

59

Dimethoxy benzene propanoic acid

60

Tetradecanoic acid methyl ester

61

Pentadecanoic acid methyl ester

62

Hexadecanoic acid methyl ester

X

63

Hexadecanoic acid

X

64

Octadecenoic acid methyl ester

X

65

Octadecanoic acid methyl ester

X

LLRC
residue
X

X

500ºC
Amberat

X

X

Cooking
Residue
X

Ref.
Humic
X

LLRC
residue
X

X
X
X
X

X
X
X

X

X

X

X

X
X

X

X
X
X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X
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CHAPTER 5
CONCLUSIONS

5.1. General conclusions

Formatted: Bullets and Numbering

Pyrolysis and THM pyrolysis results show that the LLRC residue contains
chemical markers from bacteria (e.g., acetamide and propionamide) and humic materials.
The presence of fatty acid methyl esters may be indicative that a cooking residue is also
present, though these same compounds could originate from humic and fulvic acids. The
distribution of alkenes and alkanes, the short-chain α,ω-dicarboxylic acids, and the
presence of several nitrogen compounds indicative of humic materials are further
evidence to support a geologic rather than anthropomorphic origin for the black residue
in Little Lost River Cave. It is interesting to note that the THM data do not show the
same nitrogen compounds present in the pyrolysis data; this suggests that the high
pyrolysis temperatures are necessary to liberate the nitrogen compounds.
Differences in the pyrograms for materials collected at different periods of time
suggest that the LLRC residue is not homogenous throughout the cave. Observations in
the cave (see Figure 4.2) support this finding. If the coating were the result of repeated
cooking fires, it should have a relatively constant composition, which it does not exhibit
either chemically or physically. Ongoing work using THM-GC-MS should clarify the
differences between the LLRC residue and coatings formed by cooking antelope or deer
as in Steelman et al.18. The coating does not originate from the activity of packrats as no
hippuric acid was observed in the THM-GC-MS results.
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The LLRC residue is highly water soluble, whereas cooking residues, which contain
numerous fatty acids, are rather hydrophobic. The hydrophilic nature of the black
coating further supports a water-driven geologic origin: the material could have been
carried into the cave by the slow migration of ground water from the humic-rich soil. If a
geologic origin can be substantiated for the coating, the radiocarbon date obtained by
Steelman et al.18 as a minimum age for the rock paintings of Little Lost River Cave must
be reconsidered. Furthermore, because the material is heterogeneous and likely stems
from multiple occurrences in the cave, both geologic and human-activity based, other
measurements on the coating must be reconsidered as well.

5.2 Future analyses
To further characterize this material and determine its origin, it will be necessary to
carry out similar analyses on a number of related materials. Soil from above the cave
should be examined to determine if it bears any similarities to the underlying residue.
Additional analyses of samples of the LLRC residue, particularly those that appear quite
different (e.g., the sooty and shiny coatings in Fig. 4.2), may help provide insight into the
way the material was deposited over the pictographs and clarify the contribution of
human activity to the formation of this intriguing material.
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